Geographic variations in mortality rate in the United States could be due to several hypothesized factors, one of which is exposure to solar ultraviolet radiation (UVR). Limited evidence from previous prospective studies has been inconclusive. The association between ambient residential UVR exposure and total and cause-specific mortality risks in a regionally diverse cohort (346,615 white, non-Hispanic subjects, 50-71 years of age, in the National Institutes of Health (NIH)-AARP Diet and Health Study) was assessed, with accounting for individual-level confounders. UVR exposure (averaged for 1978-1993 and 1996-2005) from NASA's Total Ozone Mapping Spectrometer was linked to the US Census Bureau 2000 census tract of participants' baseline residence. Multivariateadjusted Cox proportional-hazards models were used to estimate hazard ratios and 95% confidence intervals. Over 12 years, UVR exposure was associated with total deaths (n = 41,425; hazard ratio for highest vs. lowest quartiles (HR Q4 vs. Q1 ) = 1.06, 95% confidence interval (CI): 1.03, 1.09; P trend < 0.001) and with deaths (all P trend < 0.05) due to cancer (HR Q4 vs. Q1 = 1.06, 95% CI: 1.02, 1.11), cardiovascular disease (HR Q4 vs. Q1 = 1.06, 95% CI: 1.00, 1.12), respiratory disease (HR Q4 vs. Q1 = 1.37, 95% CI: 1.21, 1.55), and stroke (HR Q4 vs. Q1 = 1.16, 95% CI: 1.01, 1.33) but not with deaths due to injury, diabetes, or infectious disease. These results suggest that UVR exposure might not be beneficial for longevity.
In the United States, cancer incidence, rates of death due to cancer, and all-cause mortality rates differ by geographic location (1) (2) (3) . Reasons for such differences remain unclear. Geographic variations in mortality rates could be due to characteristics related to geography and also to demographics. Several determinants of health have been proposed to explain the geographic patterns, including the environment, health care, genetics, socioeconomics, and individual behaviors (4) (5) (6) . Recently, geospatial analyses have suggested that ultraviolet radiation (UVR) from sunlight exposure could impact health. For example, studies have suggested benefits of UVR exposure for conditions including multiple sclerosis (7, 8) , cardiovascular disease (9) , diabetes (10) , and cancer (11, 12) .
The causal relationship between UVR exposure, from sunlight and indoor tanning, and increased skin cancer risk is well known and has stimulated public health campaigns against excessive natural sunlight exposure and nonsolar tanning behaviors (13, 14) . The sparse evidence available on the association between sunlight exposure and total and cause-specific mortality risks gives mixed results. Yang et al. (15) found that sunlight exposure might be associated with reduced total and cardiovascular disease-specific mortality risks, whereas artificial UVR exposure might be associated with increased total and cancerspecific mortality risks. Freedman et al. (16) found that, unlike death from nonmelanoma skin cancer, the risk of death from female breast cancer and colon cancer was negatively associated with both residential and occupational sunlight exposure. Berwick et al. (17) suggested that sun exposure is associated with increased risk of survival from melanoma, and Boscoe et al. (11) found that UVR exposure was associated with decreased risk of death from some cancers, including colon, prostate, non-Hodgkin lymphoma, and stomach, but increased risk of death from other cancers, including cervix, oral cavity, and melanoma. Most of the existing studies investigating the effect of UVR exposure on mortality risk or the health benefits of UVR exposure are ecological studies, in which the unit of analysis is a population rather than a person. These previous studies have relied on crude exposure measurements such as latitude, and they adjusted for aggregated confounding variables rather than individual-level confounders (e.g., Boscoe et al. (11) , Garland et al. (18) ). A few nonecological studies used questionnaires that collected self-reported sun behavior (e.g., Yang et al. (15) ), which might have produced biased estimates. Because of these limitations, uncertainties persist with regard to the relationship between sun exposure and risk of death. Therefore, we aimed to examine the relationship between an objective measure of ambient resident UVR exposure and total mortality risk as well as cause-specific mortality risk in a prospective cohort, the National Institutes of Health (NIH)-AARP Diet and Health Study, and to account for individual-level potential confounders such as diet and lifestyle factors.
MATERIALS AND METHODS

Study population
The details of the NIH-AARP Diet and Health Study have been described (19) . Briefly, a self-administered questionnaire was mailed in 1995-1996 to 3.5 million AARP members between 50 and 71 years of age and residing in 6 US states (California, Florida, Louisiana, New Jersey, North Carolina, and Pennsylvania) and 2 metropolitan areas (Atlanta, Georgia, and Detroit, Michigan). This questionnaire elicited information on demographic characteristics, health-related behaviors, and dietary intake. Of the 617,119 people who returned the questionnaire, 566,398 completed the questionnaire in satisfactory detail and consented to be in the study. We excluded proxy-responders (n = 15,760), subjects with a cancer before baseline (n = 51,234), and those with calorie intake of more than 2 interquartile ranges from the median (n = 4,417). To ensure that individuals in our analysis were healthy at baseline, we excluded those who reported having had heart disease (n = 68,432), stroke (n = 6,363), end-stage renal disease (n = 560), or emphysema (n = 9,356) or who had rated their general health as poor or fair (n = 30,861). We excluded responders who died on the first day of follow-up (n = 10), those who selfidentified as any race/ethnicity other than white/non-Hispanic or had missing race/ethnicity information (n = 32,343), and those for whom we had no information on baseline residence (n = 447). The resulting cohort included 346,615 participants: 201,808 men and 144,807 women.
Follow-up and ascertainment of death
The mortality follow-up spanned from the day after study entry until death or current end of mortality follow-up (Decem- ber 31, 2008) . Deaths (n = 41,425) were identified through linkage of the cohort to the Social Security Administration Death Master File and to International Classification of Diseases codes for underlying cause of death from the National Death Index. Cancer mortality (n = 17,611) included all deaths occurring because of invasive, in situ, benign, or unknownbehavior neoplasms; cardiovascular disease mortality (n = 8,854) was classified as deaths due to diseases of the heart, hypertension without heart disease, atherosclerosis, aortic aneurysm and dissection, and other diseases of the arteries, arterioles, and capillaries; respiratory disease mortality (n = 2,077) included deaths from pneumonia, influenza, and chronic obstructive pulmonary disease; stroke mortality (n = 1,765) included death from cerebrovascular diseases; injury mortality (n = 1,359) included deaths from accidents and adverse events, suicide and self-inflicted injury, and homicide and legal intervention; diabetes mortality (n = 787) included deaths due to diabetes mellitus; and infectious disease mortality (n = 689) included deaths from septicemia, tuberculosis, syphilis, human immunodeficiency virus, and other infectious and parasitic diseases. The remaining deaths (n = 8,283) were from other causes. Selected cancer sites were assessed by Surveillance Epidemiology and End Results (SEER) Cause of Death Recode.
UVR exposure assessment
The NASA Total Ozone Mapping Spectrometer (TOMS) database (http://disc.sci.gsfc.nasa.gov/acdisc/toms) provided daily information on a noon-time ground-level erythemal estimate on a 1°latitude-by-1.25°longitude grid in 1978-1993 and 1996-2005 . We assigned the ground-level erythemal exposure for each participant by deterministic linkage of the census tract centroid of the residence at baseline to the closest point on the TOMS grid using ArcView version 9.3 (Esri, Redlands, California); the census tract for each subject was assigned spatially on the basis of the longitude and latitude coordinates from geocoding residential addresses. The erythemal exposure was averaged across all available measured days in the month of July because summer is when surface UVR is strongest, when noise factors such as clouds and aerosols are not as influential (20), and when the TOMS UVR data are in better agreement with ground-based data (21) . We used both continuous measures and quartiles of the erythemal exposure, defined as biological damage per square meter (BD/m 2 ) (22), with the continuous measure scaled by dividing each averaged dose by half of the interquartile range (33.7 BD/m 2 ). We previously showed that our measure of UVR exposure was associated with self-reported history of nonmelanoma skin cancers (23); thus, we used this measure for other health outcomes.
Covariate assessment
The potential confounders considered in our models were derived from the baseline questionnaire, which inquired about demographics, lifestyle behaviors (including tobacco and alcohol use and physical activity), and diet via a 124-item food frequency questionnaire (19) . Age at baseline (continuous variable) and sex were self-reported. Body mass index was calculated from self-reported baseline height and weight and was used as a continuous variable. Intakes of fruits, vegetables, red meat, and white meat were expressed as servings per day, as defined by the US Department of Agriculture's MyPyramid equivalents database. Alcohol consumption was measured as drinks per day. Tobacco smoking was categorized into the following categories: never smokers, former smokers of ≤20 cigarettes/day, former smokers of >20 cigarettes/day, current smokers of ≤20 cigarettes/day, and current smokers of >20 cigarettes/day. Educational level was categorized into 4 ordinal categories: high school graduate or less, technical school or some college, college graduate, and postgraduate education.
We included 2 baseline physical activity variables: usual physical routine throughout the day and vigorous physical activity. Usual physical routine throughout the day included the following categories: sit all day, sit much of the day/walk sometimes, stand/walk often/no lifting, lift/carry light loads, and carry heavy loads. Vigorous physical activity included the following categories: never, rarely, 1-3 times/month, 1-2 times/ week, 3-4 times/week, and 5 or more times per week. The median household income was estimated for the 2000 US Census tract of each participant. A risk questionnaire was sent to a subset of respondents in 1996-1997, which assessed hypertension with the question, "Have you ever been told by a doctor that you had high blood pressure?" Hypertension was used as reported. Missing indicator variables were used for missing values.
Statistical analysis
We used Cox proportional-hazards models adjusted for age alone and additionally for multiple potential confounders that were considered important a priori (listed in Table 1 ) to estimate hazard ratios and 95% confidence intervals per half of the interquartile range of UVR (continuous variable) and per quartile of exposure. The timeline for the Cox models was based on person-years. Trends were measured on the basis of ordinal quartiles. To examine the proportionality assumption, we used models that allowed time-dependent relative risks and found no significant violations. To examine residual confounding due to smoking, we further adjusted for smoking by including time since quitting and number of cigarettes per day, and we also stratified by smoking. We examined potential residual confounding by socioeconomic status by conducting stratified analyses on income and educational level. To examine the potential for reverse causation, we performed a lag analysis by excluding the first 2 years of follow-up. We also accounted for potential residual correlations due to geography by including a random effect for census tract in our Cox models. All tests of statistical significance were 2 sided. All analyses were conducted in R (http://www.r-project.org/) or SAS (SAS Institute, Cary, North Carolina). Figures were made in GraphPad Prism 5.00 (GraphPad Software, San Diego, California). We interpreted P < 0.05 and 95% confidence intervals excluding 1.00 as statistically significant. 2 ). There were more men than women (58% vs. 42%, respectively) in the cohort. a Hazard ratios and 95% confidence intervals were calculated with Cox regression models adjusted for the following covariates: age at study entry; sex; body mass index; caloric intake; intake of fruit, vegetables, and red and white meat; alcohol consumption; tobacco smoking; educational level; physical activity; median household income; and hypertension. b The July UVR exposure was calculated as the averaged dose across all available measured days in the month of July in 1978-1993 and 1996-2005. c The continuous July UVR exposure was scaled by 33.7 BD/m 2 (half of the interquartile range for the cohort).
RESULTS
During a mean follow-up period of 12.06 (standard deviation, 3.55) years, 41,425 deaths (11.95%) occurred. In ageadjusted models (Table 2) , UVR exposure (continuous) was positively associated with the total risk of death as well as with risk of death due to cancer and respiratory disease; UVR exposure was inversely associated with risk of death due to infectious disease. In quartile analyses, UVR exposure was positively associated with the total risk of death and the risk of death of death due to cancer and respiratory disease.
With the addition of multiple potential individual-level confounders in the multivariate-adjusted models (Table 3) , UVR exposure was positively associated with the total risk of death and the risk of death due to cancer, cardiovascular disease, respiratory disease, and stroke. UVR exposure was inversely associated with death due to infectious diseases, although the association was borderline statistically significant in the multivariate model. In quartile analyses, UVR exposure was positively associated with the total risk of death and the risk of death due to cancer, cardiovascular disease, respiratory disease, and stroke. We further explored the association with selected cancer site-specific mortality risk in our cohort (Appendix Table 1 ) and found that deaths from lung, liver, and prostate cancer and from melanoma were associated with UVR exposure.
We examined the sex-stratified multivariable-adjusted associations between continuous UVR exposure and total mortality risk and cause-specific mortality risk (Figure 1 ). UVR exposure was positively associated with total mortality risk in both sexes (P interaction = 0.722). Similar positive associations were observed for death due to cardiovascular disease and respiratory disease. UVR exposure was significantly associated with increased risk of death due to stroke in women but not in men. Conversely, the positive associations with death due to cancer and injury were significant in men but not women. The associations with diabetes were similarly null in men and women. For all mortality outcomes, we found no significant interactions between UVR exposure and sex (P interaction > 0.05).
To examine the possibility of residual confounding due to smoking, we further adjusted for time since quitting and number of cigarettes per day but observed no change in the risk estimates; in addition, we stratified by smoking (never vs. ever smoking) and saw no evidence for residual confounding. To examine the potential for residual confounding by socioeconomic status, we conducted stratified analyses on income and educational level and saw no evidence for residual confounding. Upon excluding the first 2 years of follow-up in a lag analysis to exclude the mortality outcomes of persons who might have been unhealthy or those who had undiagnosed or unreported health conditions at the start of the study, we did not observe evidence of reverse causation. Moreover, the addition of a random effect for census tract to address residual confounding at the geographic-area level did not change our main results (data not shown).
DISCUSSION
We examined total and cause-specific mortality risks in relation to ambient current residential UVR exposure in a large prospective study in the United States. After adjusting for multiple individual-level potential confounders, including educational level, smoking, diet, alcohol intake, and physical activity, we found that UVR exposure in the range of 176.1-289.5 BD/m 2 was positively but weakly associated with total deaths as well as with several specific causes of death, including cancer, cardiovascular disease, respiratory disease, and stroke.
Little evidence is available from epidemiologic studies on UVR exposure and its association with all-cause death after accounting for individual-level potential confounders. Most studies of UVR exposure and mortality risk have focused on total cancer-specific deaths or cancer site-specific deaths. In contrast to results from previous ecological studies that found a protective effect of sunlight or UVR exposure against cancerspecific death (11, (24) (25) (26) (27) (28) , the results from our prospective study suggested a weak positive association with cancer-specific mortality risk, which could be driven partly by positive associations with deaths from lung, prostate, and liver cancer and from melanoma (upon excluding deaths from these 4 cancers, the association becomes nonsignificant). A previous prospective study of UVR exposure and mortality risk among Swedish women also found an increased risk of cancer-specific death with UVR exposure assessed as self-reported indoor tanning, whereas natural sun exposure, assessed as the number of sunburns and time spent on sunbathing vacations, was associated with decreased overall mortality risk as well as cardiovascular disease-specific mortality risk (15) .
We observed that deaths from lung cancer, which accounted for approximately 30% of the cancer deaths in this cohort, were positively associated with current UVR exposure. This result is in contrast to previous ecological work showing that regional ambient UVR estimates were inversely correlated with deaths due to several malignancies, including the lung (26) . To account for the known influential role of tobacco smoking in lung cancer, we extensively examined smoking as a potential confounder but did not observe evidence for residual confounding. However, we did not have information on environmental or secondhand tobacco smoke and could not account for such exposure. We also found that prostate and liver cancers were positively associated with current UVR exposure; these results are in contrast to those of previous studies that suggested an inverse relationship (11, 29, 30) . Results for death from melanoma have been mixed (11, 17, 31) , and in our study, we observed a positive association. Additional studies suggested that exposure to sunlight might be correlated with decreased rates of death from breast and colon cancer (11, 16, 32) , but in our cohort, we see a borderline increased risk of death from breast cancer and no association with death from colon cancer. Many studies suggest that the molecular actions of vitamin D contribute to cancer prevention (33) , and therefore, exposure to solar UVR, which results in the cutaneous synthesis of most of the vitamin D requirements in the human body, is important. Interestingly, in our previous study of cancer risk in this same cohort, UVR exposure was positively associated with incident melanoma, not associated with risk of incident lung or liver cancers, and inversely associated with risk of incident colon and prostate cancers (23) . The associations we observe with ambient UVR exposure could be due to several mechanisms, including vitamin D synthesis, although these mechanisms might be different between the initiation and progression of cancer. The analyses performed in this cohort were not designed to determine the definitive role of vitamin D in cancer prevention or mortality risk. Evidence of a protective effect of UVR against some site-specific incident cancers but not against death from cancer could imply geographic differences in diagnostic practices or healthcare utilization.
In our study, we found a positive but weak association between UVR exposure and death due to cardiovascular disease, respiratory disease, and stroke. These results differ from those of previous studies, which have focused mostly on the importance of sun exposure as the major source of vitamin D, and these studies found that serum vitamin D levels were inversely associated with cardiovascular disease and stroke incidence and mortality risk (reviewed in Zittermann and Gummert (9)). Interestingly, seasonal fluctuations are observed forcardiovascular disease, respiratory disease, and stroke, with higher rates during winter months (34) (35) (36) . Many factors (such as temperature) could contribute to the disease rate patterns, and the synthesis of vitamin D through sun exposure is hypothesized to be one of the factors contributing to the seasonality (9, 35) . Some studies suggest that respiratory infections such as influenza and pneumonia are seasonal because of the annual cycle of UVR (37, 38) . Contrary to these hypotheses, our results suggest that higher UVR exposure is significantly associated with increased risks of death from cardiovascular disease, respiratory disease, and stroke. The mechanism, which might or might not involve the synthesis of vitamin D, remains unknown. In fact, a recent Mendelian randomization study found no causal relationship between similar outcomes (myocardial infarction, diabetes, cancer, and total mortality) and the genetic variants that confer higher vitamin D status (39) . Thus, the relationship between sun exposure and these mortality outcomes could be independent of vitamin D. A possible alternative mechanism might be UVR-induced immune modulation, including enhanced T-helper 2-mediated immune activity (40) (41) (42) and immunosuppression (43) (44) (45) .
We did not find any association between ambient UVR exposure and death due to injury, diabetes, and infectious disease. Previous studies have suggested that UVR exposure and vitamin D might be inversely associated with diabetes risk (10, (46) (47) (48) , but none have examined the risk of diabetesspecific death. Neither animal nor human studies have definitively determined whether UVR exposure is beneficial for infectious diseases (8) , although many have suggested UVR exposure to be associated with less effective control of some infectious diseases (43, 45) .
Our study has several strengths. We used a very large prospective study with a geographically diverse population and an objective measure of UVR exposure to avoid potential biases such as recall bias or self-report of sun behaviors. We ) and mortality outcomes by sex. Cox regression models were adjusted for the following covariates: age at study entry; body mass index; caloric intake; intake of fruit, vegetables, and red and white meat; alcohol consumption; tobacco smoking; educational level; physical activity; median household income; and hypertension. All P interaction > 0.05. HR, hazard ratio; CI, confidence interval.
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Am J Epidemiol. 2013;178(4):521-533 used the TOMS dataset for assigning UVR exposure, which is an improvement over other studies that used latitude as the surrogate for ground-level UVR exposure. The TOMS dataset takes into account a variety of environmental factors that affect UVR dose, including cloud cover and automobile exhaust. We used the July estimate because summer is when surface UVR is strongest and noise factors such as clouds and aerosols are not as influential (20) . Averaging the TOMS-estimated doses over longer periods of time improves the agreement with measured ground-level UVR (21), so we used the TOMSestimated doses over several years. In addition to the valid exposure assessment, we were able to adjust for a large number of potential confounders, including tobacco use and physical activity. Moreover, dietary habits throughout the United States can vary, so we adjusted for food intake in broad dietary categories.
This study also has several limitations. We had only the residence at enrollment and therefore had insufficient information to consider population mobility or early life exposures. We could not take into account seasonal migrations (i.e., time spent in winters or summers in locations other than the baseline residence); migrating persons might adopt different behaviors while at their alternative residence(s). Moreover, the spatial resolution of the UVR exposure was limited in the TOMS dataset to grid cells of 1°latitude by 1.25°longitude, which represents about 111 km north to south and 75-101 km east to west, depending on latitude. Participants were assigned the same UVR exposure dose if they lived within the same grid cell; therefore, our UVR exposure is a residential exposure rather than an individual-level exposure. Residual confounding by neighborhood or geographic factors that are related to residence, such as socioeconomic status, healthcare access, healthcare practices, other health behaviors, culture, and climate, could be possible; however, we stratified by income and educational level and also included a random effect for census tract in our models to account for regional differences and did not find evidence for such residual confounding. Generalizability to other populations is limited because this analysis was conducted in white non-Hispanic persons.
As in other epidemiologic studies, incomplete control for confounders might have influenced our results. We had no information on the range of skin pigmentation or skin types among our participants or on lifetime sun-related behaviors, such as time spent outdoors, sunscreen use, and other sun-seeking or sun-protective activities. We could not adjust for vitamin D supplementation or estimate dietary vitamin D intake, although dietary intake is not as well correlated with serum vitamin D (49). Moreover, we had no information on occupation, which could be an important determinant of sun behavior.
Beyond the known role of UVR exposure in skin cancer, the impact of UVR exposure on other health outcomes could be limited. If UVR exposure does indeed play a role in mortality risk, the effect is quite small. Unlike many previous studies, our study suggests that UVR exposure might not be beneficial for longevity. We found that ambient residential UVR exposure was positively associated with total mortality risk and some cause-specific mortality outcomes in a prospective cohort in the United States. These results add to the conflicting evidence for the role of UVR exposure in risk of death. Future longitudinal studies that reliably assess lifetime UVR exposure or measure personal UVR exposure could help to better assess the association with death and other health outcomes. , biological damage per square meter; CI, confidence interval; HR, hazard ratio; UVR, ultraviolet radiation.
a Hazard ratios and 95% confidence intervals were calculated with Cox regression models adjusted for the following covariates: age at study entry; sex; body mass index; caloric intake; intake of fruit, vegetables, and red and white meat; alcohol consumption; tobacco smoking; educational level; physical activity; median household income; and hypertension. 
